ABSTRACT A bond graph model of a Skystream wind turbine is proposed. This system is composed by a permanent magnet synchronous generator (PMSG), an 3-phase recti…er, a Boost converter and an inverter. In order to verify the PMSG bond graph model, a junction structure to get the mathematical representation of this particular non-linear system is presented. Simulation results of each bond graph models using 20-SIM software are described. The performance of the complete system considering the wind model and the aerodynamic part connected to the Skystream wind turbine is shown.
Introduction
As a result of increasing environmental concern, the impact of conventional electricity generation on the environment is being minimized and e¤orts are made to generate electricity from renewable sources. The main advantages of electricity generation from renewable sources are the absence of harmful emissions and the in principle in…nite availability of the prime mover that is converted into electricity. One way of generating electricity from renewable sources is to use wind turbines that convert the energy contained in ‡owing air into electricity [1] .
There are many references related to modeling, analysis and control of wind turbines, and the following papers can be cited. The modeling of wind turbines for power system studies is investigated in [2, 3] . The e¤ect of small scale variable speed wind energy integration into the local power control is investigated in [4] . The transient stability analysis of wind generator systems, by using the equivalent lump mass method is proposed in [5] . An aggregated model of wind farms with doubly fed induction generators (DFIGs) wind turbines is presented in [6] by an equivalent wind turbine of aggregated wind turbines under di¤erent incoming winds. Modeling and simulation of a grid connected winddriven electricity generation system has been done in [7] . A functional structure of a wind energy conversion system is introduced in [8] , before making a comparison between the two typical wind turbine operating schemes in operation, namely constant-speed wind turbine and variable-speed wind turbine. A novel isolated small wind turbine emulator for small wind turbine system is described in [9] . A wind turbine emulator has been developed in [10] to be used in research activities of wind turbine control. A method to simulate wind turbine, which includes the calculation method of the torque-speed curve from the rated parameter of actual wind turbine and the implementation of the wind turbine simulator is presented in [11] . A nonlinear controller has been designed for variable speed turbines electric power regulation in [12] .
There are two types of generator used in wind energy conversion systems which are doubly fed induction generator (DFIG) and permanent magnet synchronous generator (PMSG). Some advantages can be cited for PMSG: gear box and excitation current are not required, it is a direct drive type generator and it has good performance. Some relevant papers using PMSG in electrical systems are the following: In [13] the operation of a variable-speed, stall regulated wind turbine equipped with a PMSG is examined. In [14, 15] the modeling of a variable speed wind turbine equipped with a permanent magnet synchronous generator have described. In [16] a model of a variable speed wind turbine using a PMSG is presented and the control schemes are proposed. In [17] it presents nonlinear control of permanent magnet synchronous generators using feedback linearization.
The bond graph methodology is an energy-based modelling approach, unifying symbology for phenomena from di¤erent physical domains. The essential feature of the bond graph approach is the representation of energetic interactions between systems and/or system components by a single line. Also, the use of a bond graph provides a structured approach to system dynamics modelling [18] .
Several papers have been published on the modelling of wind turbines using the bond graph methodology. A bond graph model of a blade considering the blade as a Rayleigh beam composed of a number of sections is proposed in [19] . In [20, 21] it is described a nonlinear model that describes the wind turbine system taking account of the ‡exibility of the blades, drive train and tour using bond graph method. In [22] it deals with the modelling and simulation of wind turbine driven by induction generator. A nonlinear model of a wind turbine generating system, containing blade pitch, drive train, tower motion and generator using the bond graph method is presented in [23] . A wind turbine composed by blades, gearbox and the induction generator using the bond graph methodology is proposed in [24] . A bond graph modeling and a new control scheme of a three phase grid connected wind energy conversion system is described in [25] .
Skystream developed by Southwest Windpower in collaboration with U. S. Department of Energy´s National Renewable Energy Laboratory, is the newest generation in residential with technology. Skystream has a 1.8kW rating and is the …rst fully integrated small wind generator speci…cally designed for the utilityconnected market [26] .
In this paper, a bond graph model of the Skystream wind turbine is presented. The di¤erent submodels of this turbine (PMSG, recti…er, boost converter, inverter) are modelled in the physical domain. In order to obtain the mathematical model from the bond graph of the PMSG, a junction structure of this particular non-linear bond graph is proposed.
The references [19, 20, 21] give emphasis to obtain the bond graph model of the wind turbine blade and [23, 22, 24] construct the bond graph model of the wind turbine system considering an induction generator, then this proposed paper builds the bond graph of the system with a PMSG having di¤erences with the published papers. The reference of [25] describes the modelling of the system with PMSG with an IGBT converter and inverter. However, the bond graph models do not show in a clear way the electromechanical relations of the PMSG and the mathematical model is not obtained.
Thus, this paper constructs a PMSG bond graph model and the mathematical representation is veri…ed with the published papers [13, 14, 15, 16, 17] . Also, the power electronics of the Skystream wind turbine (recti…er, converter, inverter) is modelled in a bond graph approach and these devices are simulated. Finally, the complete system considering a typical wind model is simulated.
Section 2 describes the traditional approach for a Skystream wind turbine. The modelling in bond graph of the given wind turbine is proposed in section 3. In section 4, the simulations results of each component and the complete system are presented. Finally, section 5 gives our conclusions.
System Description
A general scheme of a wind energy conversion system is shown in Fig. 1 . This system is based on a permanent magnet synchronous generator (PMSG) and an electrical and electronic subsystem formed by a recti…er, boost converter and an inverter. 
Aerodynamic part
The time-average mechanical input power P m at the shaft of the generator can be calculated from
where = 1:15kg=m 3 denotes air density, A = R 2 is the area of the rotor, V w is the wind velocity and C p is the aerodynamic power coe¢ cient. The coe¢ cient C p is a function of the tip speed ratio and the pitch angle and is given by [13] C p = 0:73 i e 
PMSG Model
The model of the PMSG is developed in the dq synchronous reference frame, where the q-axis is 90 0 phase shifted ahead of the d-axis with respect to the direction of rotation. The Park´s transformation changes the stator quantities from phases (a; b; c) into new variables the frame of reference. Thus by de…nition
where the voltage vectors are de…ned as, ) and the angle between the d-axis and the rotor is given by
where w r is the rated angular frequency in rad=s and is the synchronous torque angle in electrical radians. Similarly, to transform the currents and ‡ux linkages, i odq = P i abc and odq = P abc .
The voltage equation of stator in (a; b; c) is
applying the Park´s transformation to (6)
where 0qd = 0
Substituting (8) and (9) into (7), the state equation for the currents is de…ned by [27] 
The electromagnetic torque is
and the di¤erential equation for the velocity is
Recti…er
Consider a three-phase diode bridge recti…er as shown in Fig. 3 . This recti…er has diodes D 1 to D 6 , and it is assumed that the impedances of the supply lines are low enough to be neglected. The …rst conducting diode is from the group of diodes fD 1 , D 3 ; D 5 g and it is connected by its anode to the highest of the phase voltages at the time considered. The second conducting diode is from the group of diodes fD 2 , D 4 ; D 6 g and it is connected by its cathode to the lowest of the phase voltages The DC component of the output voltage is de…ned by
Boost Converter
A DC-DC converter is an electronic circuit which converts a source of direct current from one voltage level to another. DC-DC converters are the power supply that output a …xed voltage e¢ ciently, converting the input voltage. A current-mode controlled DC-DC boost converter is shown in Fig. 4 [28] . The basic principle of a Boost converter consists of two states: (1) During the ON period of the Switch results in increase of inductor current; (2) During the OFF period of the Switch the inductor current ‡ows through the diode and the parallel connection of capacitor, C and resistor, R2. During the On-state, the switch S is closed, which makes the input voltage, V 1 appear across the inductor, changing the current, I L by
and the …nal equation of the two modes is
where D is the duty cycle, it can be seen that the output voltage is always higher than the input voltage.
Inverter
An inverter is a DC converter to AC. It is possible to obtain a single-phase or a three-phase output from such a device, but in this paper only the modelling of a single-phase inverter is described. Fig. 5 shows an inverter circuit [29] . The wind energy conversion is modelled by bond graphs in the next section.
System in a Bond Graph Approach
A scheme of a class of non-linear system modelled by a bond graph is shown in Fig. 6 . In Fig. 6 , (M S e ; M S f ), (C; I) and (R) denote the source, the energy storage and the energy dissipation …elds, respectively, and (0; 1; M T F; M GY ) the junction structure with transformers M T F and gyrators M GY . The state x 2 < n is composed of energy variables p and q associated with I and C elements in integral causality assignment, u 2 < p denotes the plant input, z 2 < n the co-energy vector and D in 2 < r and D out 2 < r are a mixture of e and f showing the energy exchanges between the dissipation …eld and the junction structure.
The junction structure of the bond graph model of Fig. 6 is given by
where the entries of S (x) take values inside the set f0; 1; k t ; k g g being k t and k g are the transformer and gyrator modules and in the general case can be state variables. The relations of the storage and dissipation …elds are
A state space representation for this class non-linear systems modelled by bond graphs is described by
where
PMSG Bond Graph Model
Applying the bond graph methodology to the PMSG, a model in the physical domain is presented in Fig. 7 . The key vectors of the bond graph is the constitutive relations are
and the junction structure is given by (27) By substituting (24) , (25), (26) and (27) into (19), (20) , (21), (22) applying the derivative of (17) with (24) and (26) 
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the third line of (29) determines a part of the torque electromagnetic
in order to obtain (11) and (12), the relationships of the parameters for the angular velocity are
0:75p = e 6 and the state equation for i d and i q given by (10) with the …rst and seconds lines of (29) and (17) is proved.
3-Phase Recti…er
In this paper, the di¤erent commutation elements in the physical domain are modelled by a linear resistance connected to a modulated transformer, which is shown in Fig. 8 [30] . The characteristic commutation element is that its value changes with the commutation command. Fig. 8 shows two options to represent the commutation elements depending of their causality. In case of Fig. 8  (a) A bond graph model of the 3-phase recti…er of Fig.  3 is shown in Fig. 9 . Based on Fig. 8 , the diodes of the recti…er are modelled considering the causality, the command block of Fig. 9 determines the moment of opening and closing each diode of the recti…er.
Boost Converter and Inverter
The modelling in bond graph of the boost converter and inverter are shown in Fig. 10 . By using the circuit of Fig. 4 the boost converter is built. The switch and diode are modelled according to Fig. 8 ; for example when the control signal opens the switch and diode will be closed Also, a very simple model of the inverter is represented in the physical domain by an e¤ort source M S e modulated by the converter output, and connected to a M T F element and this transformer is modulated by a sinusoidal signal generating the system output. 
Simulations
In order to show the e¤ectiveness of the proposed bond graph models, simulation results are despicted.
PMSG Results
The numerical parameters of the PMSG bond graph model of Fig. 7 
Recti…er Results
Fig . 12 shows the three-phase voltages supplied to the bond graph model of the recti…er of Fig. 9 . and the recti…er output. Note that the recti…er output has a value of 1:6367V when the maximum value of the input voltage is 1V . From (13) the recti…er output is 1:6539V , the di¤erent of these voltages is due to voltage of the resistor for the diode model.
Boost Converter and Inverter Results
The numerical parameters of the converter are: input voltage, V DC = 1V , R 1 = 1 , L = 0:05H, R 2 = 10 , C = 0:15F , the signal to change the switch and diode conditions is a wave generator-square of magnitude of 1, frequency 100rad=sand the duty cycle is D = 0:5. Fig 13 shows electrical current of the inductor L 1 changing and discharging according to the references, the control signal to the switch and diode, and the input and output voltages. Note that the output voltage V o(DC) = 2V i(DC) due to D = 0:5. Also, the output AC voltage of the inverter is shown in Fig. 13. 
Complete System
A bond graph model of the complete system is shown in Fig. 14. Three submodels construct the wind turbine Skystream which are modelled by the corresponding bond graphs of the section 3. 
Conclusions
A bond graph model of a Skystream wind turbine has been presented. The wind and aerodynamic models connected to the PMSG and the power electronic blocks are considered. The mathematical model of the PMSG from the bond graph model by using a proposed junction structure is veri…ed. The power electronic block is formed by an 3-phase recti…er connected to a Boost converter and an Inverter. The basic behavior of each element of this power electronic block modelled by bond graphs were simulated. Finally, in order to show the e¤ectiveness of the model in the physical domain, the simulation results of the complete system have been described.
